ABSTRACT: The mechanism of using the anisotropic Purcell factor to control the spontaneous emission linewidths in a four-level atom is theoretically demonstrated; if the polarization angle bisector of the two dipole moments lies along the axis of large/small Purcell factor, destructive/constructive interference narrows/widens the fluorescence center spectral lines. Large anisotropy of the Purcell factor, confined in the subwavelength optical mode volume, leads to rapid spectral line narrowing of atom approaching a metallic nanowire, nanoscale line width pulsing following periodically varying decay rates near a periodic metallic nanostructure, and dramatic modification on the spontaneous emission spectrum near a custom-designed resonant plasmon nanostructure. The combined system opens a good perspective for applications in ultracompact active quantum devices.
R ecent developments in nanotechnology and information technologies have made nanoscale light-matter interaction a tremendous research focus. 1 Small optical mode area in nanofiber-based photonic structures plays a significant role allowing low-light level quantum optical phenomena, such as electromagnetically induced transparency in the nanowatt regime, 2, 3 four wave mixing with great gain, 4 and two-photon absorption with sharp peaks in the Rubidium vapor. 5 Ultrasmall optical mode volume in plasmon nanostructures 6 leads to strong coupling between surface plasmons and quantum emitters, which enables the vacuum Rabi splitting, 7, 8 the Fano lineshapes in the absorption spectrum, 9−12 and its obvious influence on the two-photon statistics. 13 Superior to many available photonic nanostructures, associated with ultrasmall optical mode volume, 6 plasmonic structures present the key advantage of a large subwavelengthconfined anisotropic vacuum, that is, large anisotropic Purcell factor, 14, 15 which originates from an anisotropic electric mode density of collective oscillations of free electrons in metals. 16−19 Another advantage is strong evanescent field of metallic nanostructures, which has promoted many applications, for example, SERS, 20 nanometer biosensors and waveguides, 21 nonlinear optical frequency mixing, 22−24 solar cell, 25, 26 and so forth. Through modifying the population of excited states and decay rate of quantum emitters near plasmon structure, the fluorescence enhancement and quenching of fluorescent molecules and semiconductor quantum dots can be controlled well. 27−32 By confining the light into nanoscale volumes, plasmonic elements allow for a nanoscale realization of Mollow triplet of emission spectra and antibunching of emission photons of single molecules that traditional technique can not be accessible. 1, 33, 34 Through the nanoscale coupling between the surface plasmon modes and single quantum emitter, the directional and efficiency generation of single photons 17−19 and entanglement of two qubits 35 were proposed. These advantages, thanks to rapidly developed fabrication techniques, make the plasmonic nanostructure a promising candidate for applications in ultracompact active quantum devices, for example, single photons sources 17−19 and atomic spectroscopy on a chip. 36 Crossing damping between two closely lying upper states of atoms, originated from the interaction with the common vacuum of electromagnetic fields, has led to ultranarrow spectral line in spontaneous emission, 37, 38 which is potentially of interest in spectroscopy. Except for nearly parallel dipoles, such interesting interference phenomenon can not occur in a vacuum due to small or zero value of crossing damping terms. A natural atom generally has arbitrary polarized dipoles, so these effects are scarcely observed experimentally. Anisotropic Purcell factor can provide nonzero or large crossing damping even with orthogonal dipoles. Hence various photonic structures, for example, photonic band gap structures, 39, 40 layered dielectric waveguides, 41 left-handed material, 42 and plasmonic structures, 43 were proposed to enhance this interference effect via the anisotropic Purcell factor. 44 However, the mechanism underlying the anisotropic Purcell factor control of the spectral lines associated with spontaneous emissions remains unclear.
To address this issue, in this Letter we begin by theoretically resolving the underlying mechanism, specifically concentrating on four-level atoms with closely lying upper levels. As illustrated in Figure 1 , if the angle bisector of two arbitrarily polarized dipole moments lies along the major/minor axis of the effective Purcell factor ellipse, destructive/constructive interference narrows/widens the center spectral lines of fluorescence. Using the mechanism, we study the quantum interference behavior in the spontaneous emission spectrum via the subwavelength-confined anisotropic Purcell factor: atomic spectral line rapid narrowing near a metallic nanowire, nanoscale line width pulsing, that is, periodically from narrowing to widening, near a periodic metallic nanostructure, and dramatic modification, even subnatural line width for two orthogonal dipoles, of spontaneous emission near a customdesigned resonant plasmon nanostructure. These results lay the foundation of the light-atom interaction within the ultrasmall optical mode area. Also, the combined system of atoms and the metallic nanostucture may be integrated into ultracompact active quantum devices.
Mechanism of the Spontaneous Emission Spectrum Control. Consider a closed four-level atomic system with two closely lying upper levels |a 1 ⟩ and |a 2 ⟩ and two ground states |b⟩ and |c⟩ (Figure 1a ). The transitions |a 1 ⟩ ↔ |b⟩ and |a 2 ⟩ ↔ |b⟩ are driven by a pump field with frequency ν and Rabi frequencies Ω 1 and Ω 2 , and the detunings Δ 1 = ω a1 − ν and Δ 2 = ω a2 − ν where ω a1 − ω a2 = ω 12 . In the dipole, rotating-wave 
) is the decay rate in a vacuum, and G ββ with β = x,y,z are the Green's tensor coefficients. 33, 48 In the following, we will see that the x-and z-direction have different Purcell factors 14 Γ xx /γ 0 and Γ xx /γ 0 , which has guaranteed the quantum interference effects of spectral line width narrowing and widening of spontaneous emission. The spontaneous emission spectra
is the field operator of emission photons from the upper levels to |c⟩, were investigated in the framework of quantum regression theorem. 45−47 We use the dressed state analysis 49 to develop a mechanism that controls the spectral linewidths of spontaneous emission via the anisotropic Purcell factor (Figure 1a 
then taking Ω 1 = Ω 2 = Ω and Δ 1 = ω 12 /2, we obtain expressions for the eigenvalues and eigenvectors
and
where Ω R 2 = ω 12 2 + 8Ω 2 , ε = ω 12 /Ω R , and η = Ω/Ω R . The equations of motion for the density matrices of dressed states are given in the Supporting Information. The modified decay rates of their diagonal matrix elements, ρ 00 and ρ ±± , are given by the expressions
which determine separately the linewidths of the central peak and the emission spectrum sidebands. If two dipoles are parallel, then Γ 0 is zero, which means the trapping condition for spontaneous emission cancellation 45 cannot be broken whether the vacuum be isotropic or not. 50 If ω 12 2 ≪ 8Ω 2 , ε can be ignored and 4η
The anisotropic Purcell factor can be described by an effective decay rate ellipse (see the inset in Figure 1c) , where √Γ zz determines the length of the major axis and √Γ xx the minor axis. From the dressed state analysis, we find that when the angle bisector of two dipole moments with arbitrary polarization is along the major axis of the effective decay rate ellipse, Γ 0 reaches its minimum; that is, destructive interference occurs and leads to maximal narrowing of the central fluorescence spectral lines. In contrast, when their angle bisector aligns with the minor axis, Γ 0 becomes maximal resulting in constructive interference characterized by the maximal broadening of the central lines. The origin of line width narrowing and broadening is the slow and fast decays of the central dressed population. Simultaneously, but conversely, the line width of the two sidebands becomes wider than that in a vacuum for destructive interference and vice versa for constructive interference.
The above points were clearly verified by full numerical calculations of emission spectra S(ω) represented graphically in Figure 1b with parameters Γ zz = 2.0γ 0 and Γ xx = 0.5γ 0 . Generally, the condition ω 12 2 ≪ 8Ω 2 is fulfilled. Here we let ω 12 = 0. We can see that, for two dipoles with θ 1 = 0.4π and θ 2 = 0.6π, both destructive and constructive interferences have been established, that is, relative to the line width ratio Γ 0 /Γ ± = 0.2112 in a vacuum, line width variations from narrowing Γ 0 / Γ ± = 0.0528 to broadening Γ 0 /Γ ± = 0.8446 are observed. By enlarging the anisotropy of the Purcell factor, this variation can be further increased and, when it is sufficiently large, two arbitrary polarized dipoles can produce strong interference in spontaneous emission. This overcomes the previous trapping condition in a vacuum that ultranarrow spectral lines only occur for nearly parallel dipoles, 37 which limited the experimental observation of quantum interference. Thus, by creating large anisotropic Purcell factor, these atomic interferences should be more easily observed experimentally.
The changing process of spectral line width in spontaneous emission with the intersection angle of two dipoles is investigated. Let us first see their properties in a vacuum, as shown in Figure 2b , when θ = 0.0, that is, two dipoles are parallel, spontaneous emission cancelation happens; 45 when θ = 0.025π, that is, two dipoles are approximately parallel, we observe the spectral line narrowing in spontaneous emission; 37 when θ = 0.1π, though it is still a constructive interference, only a small narrowing is obtained; when θ = 0.25π, κ = 0.0 and not any interference exists, about which, several literature looked κ/ (γ 1 +γ 2 ) of two orthogonal dipoles as a standard of quantum interference in the case of anisotropic Purcell factor; 39−44 continually increasing θ to 0.4π, an obvious destructive interference happens. For the anisotropic Purcell factor, we still take Γ zz = 2.0, Γ xx = 0.5. Figure 2a shows the situation that long axis of effective decay rate ellipse is the angle bisector of two dipoles. For all situations discussed above, via constructive interference induced by the anisotropic Purcell factor, their center spectral lines become narrowing while their sideband line width become widening. Especially for two orthogonal dipoles, the effective narrowing of center lines is obtained. In the contrast, when the short axis is the angle bisector of two dipoles, their center lines become wider and their sideband line width become narrower due to the destructive interference, as shown in Figure 2c . It is worthy to point out again that for two parallel dipoles the trapping condition for spontaneous emission cancelation 45 cannot be broken whenever the vacuum is isotropic or anisotropic. 50 Therefore, via the anisotropic Purcell factor, arbitrary polarized dipoles can have very strong interference effects in spontaneous emission. Now we explore the effect of the spacing of two upper levels on resonance fluorescence. Equation 6 show that, when ε ≠ 0, the difference of decay rates in the dressed populations ρ ++ and ρ −− can lead to asymmetry of two sidebands in spontaneous emission. Figure 3 displays the asymmetrical emission peaks as a function of θ 1 . The parameters are ω 12 = 2.0γ 0 and θ 2 −θ 1 = 0.5π. It is seen that, except for the symmetry spectra occurred at θ 1 = 0.25π with maximum constructive interference and θ 1 = 0.75π with maximum destructive interference, other several pairs, such as θ 1 = 0.0π and θ 1 = 0.5π, θ 1 = 0.125π and θ 1 = 0.375π, θ 1 = 0.625π and θ 1 = 0.875π, exhibit the mirror symmetry of the emission peaks. Besides, with an increment of θ 1 , the peaks can be shifted back and forth between right and left sidebands, and their widths correspond to the values of Γ ± and Γ 0 of dressed populations. Thus, assisted by the level spacing ω 12 , the interference induced by the anisotropic Purcell factor can not only control the width of emission peaks but also their spectral symmetry.
The Spontaneous Emission Spectrum in the Case of Subwavelength-Confined Anisotropic Purcell Factor. Among many available photonic nanostructures, 39−43 plasmonic structures present large the anisotropy of the Purcell factor and enhanced local field, which enable nanoscalely varied quantum behavior of emission photons. 33, 34 So we chose plasmonic structures with the subwavelength confined anisotropic Purcell factor to demonstrate the above theory. The Green's tensor technique with a mesh of 20 to 25 nm to design the required plasmonic structures. 51, 52 Using current nanofabrication techniques, the designed plasmonic structure can be fabricated in the lab.
Although using nanoscale plasmonic structures to trap the atoms and control their motion is proposed, 53 ,54 the accurate and stable positioning of the atoms remains challenging with present techniques. However, the above mechanism is the same as the three-level emitter with closely lying upper states. Hence, in the real experiments, quantum emitters can be replaced by the three-level quantum dot or nitrogen-vacancy center in diamond, 55 whose precise positioning technique has been developed. 56−58 Here the assumption of closed atomic system is used, and coupling between its emission and surface plasmon modes is not discussed. 59 When the coupling is included, efficient and directional generation of single photons 17−19 and entanglement of two qubits 35 have been reported. The calculating parameters associated with the atomic system are discussed. This four-level system can be formed by the Rubidium 85 D2 hyperfine structure with the transition wavelength of 780 nm. Two excited states |a 1 ⟩ and |a 2 ⟩, and two ground states |b⟩ and |c⟩ corresponds to (5 2 P 3/2 ,F = 3) and (5 2 P 3/2 ,F = 2), and (5 2 S 1/2 ,F = 3) and (5 2 S 1/2 ,F = 2), respectively. The decay rate of the upper state to ground states is Γ = 2π*6 MHz (or γ 0 = 6 MHz). If we use a driving electric field with the value of E = (5.0−10.0)γ 0 , the Rabi frequencies are Ω R = (4.0−8.0)γ 0 , which can be fulfilled by the realistic experimental conditions.
Here, two dipoles are assumed to be orthogonal and their angle bisector is along the z axis. In this case, the line width (Γ 0 = 2Γ xx , Γ ± = Γ zz ) and the line width ratio (Γ 0 /Γ ± = 2Γ xx /Γ zz ) are directly determined by the anisotropy of the Purcell factor. In a vacuum, the line width ratio is 2 due to no interference. 45 In the following, we will see that the spectral line width shows very fruitful behavior, that is, narrowing or widening, even the subnatural line width, in the case of subwavelength-confined anisotropic Purcell factor induced by the plasmon nanostructures.
Starting with a gold nanowire with a cross section of 50 × 50 nm 2 , we calculate the interference effects that arise from spontaneous emission spectra; the results are displayed in Figure 4 . If the atom is too close or too far from the metallic structure, there is no obvious coherence effects due to fluorescence quenching 60 or small anisotropy of the Purcell factor. With decreasing distance d, the anisotropy of the Purcell factor becomes large, but with large absolute values for Γ zz and Γ xx . Until d > 150 nm, these decay rates tend to the value γ 0 of a vacuum. If d = 50 nm, the emission spectrum shows minimal narrowing with Γ 0 /Γ ± = 0.6214; at d = 75 nm and d = 100 nm, this narrowing weakens from Γ 0 /Γ ± = 0.8948 to Γ 0 /Γ ± = 1.236 and almost disappears at d = 125 nm with Γ 0 /Γ ± = 1.572. This weakening with distance can also be extended to metallic surfaces or metallic thin films where a similar anisotropy behavior of the Purcell factor occurs. 16 We then propose a periodical gold nanostructure (see inset in Figure 5b ), where the periodicity is 150 nm and the dimension of each cell is 100 × 50 × 50 nm 3 . Similar to nanowires, the anisotropy of the Purcell factor decreases with increasing distance between the atom and the metallic surface, resulting in weaker interference. However, distinct from nanowires, decay rates Γ zz and Γ xx are distributed periodically. On the xy-plane 50 nm from the metallic surface, as shown in Figure 5a , Γ zz > Γ xx at point 1 (at the edge of the cell) and point 2 (in the middle), but a larger anisotropy is observed in its middle part; between the gaps of two cells (point 3), Γ zz < Γ xx . The periodically distributed decay rates are reflected in the emission spectra as narrowing of the central line width at point 1 with Γ 0 /Γ ± = 1.009, via a line width minimum at point 2 with Γ 0 /Γ ± = 0.6573, and finally broadening at point 3 with Γ 0 /Γ ± = 2.650. Thus, a periodical anisotropic Purcell factor induced by structural periodicity can modify the spontaneous emission spectrum periodically.
The above structures only provide large anisotropy of the Purcell factor, but absolute values of decay rates are very large, which prevent further narrowing of spectral lines. The customdesigned resonant plasmon nanotructure is composed of 14 gold nanostrips of 140 × 60 × 40 nm 3 with 40 nm spacing in both directions and resonances at the wavelength of 780 nm (Figure 6a ). The interleaving arrangement not only guarantees large anisotropy of the Purcell factor with relatively small decay rates but also strong near field at resonance (Figures 6c,d) . It is known that large anisotropy of the Purcell factor only exists at about 30−120 nm nanoregions around the metallic nanostructures. 33 When single atoms are placed within the xy-plane 40 nm from the gold surface, significant interference effects in the spontaneous spectrum are observed. Here, the electric fields associated with Rabi frequencies is normalized by 2 and the center point or point 0 is at (0,0) nm. There is a subnatural narrowing of the spectral lines associated with the central emission peak for points 1 (at (100,0) nm) and 2 (at (200,0) nm) (Figure 6b) ) for Γ zz is several times of Γ xx and 2Γ xx < 1. Not a strong narrowing is observed for point 0 or point 3 (at (0,100) nm) due to small anisotropy of the Purcell factor or weak Rabi frequency. The sidebands are very sensitive to the atomic positions due to different local field excitations. Thus, the nanoscale anisotropic Purcell factor within a resonant plasmonic structure can dramatically modify spontaneous emission spectra.
In summary, using the dressed-state analysis and quantum regression theorem, we have theoretically demonstrated a mechanism exploiting the anisotropic Purcell factor to control the linewidths of atomic spontaneous emissions. As proof of the mechanism and, in particular, its application in the case of the subwavelength-confined anisotropic Purcell factor, several plasmonic structures were employed and interesting phenomena in the spontaneous emission spectrum appear, for example, atomic spectral line rapid narrowing, nanoscale line width pulsing, and dramatic modification, in particular, subnatural line width for two orthogonal dipoles, at the nanoscale. The study bridges the fields of quantum optics and plasmonics associated with the ultrasmall optical mode area and will benefit for lowlevel light nonlinear optical properties 2−5 and efficient coupling of single photons into the single plasmons. 17−19,61−63 The present protocol assisted by the plasmon nanostructure is propitious to implement quantum interferences experimentally in the spontaneous emission of quantum emitters with closely lying upper states. Superior to the cavity QED, plasmoninduced anisotropic vacuum and plasmon excitation cover a broad frequency region and require no sophisticated experimental setups to achieve the resonances. Thus, the combined system of quantum emitters and plasmon nanostructure may open some perspectives for applications in ultracompact active quantum devices.
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